I. INTRODUCTION

I
NCREASING penetrations of wind in a weak electric grid may affect voltage stability because synchronous generators are being replaced by WPPs, which are much more variable in nature. Therefore, several countries have modified their requirements for megawatt-range WTGs or WPPs to stay connected to the grid during disturbances and to provide ancillary services at the POI [1] - [4] . To fulfill these requirements, WPPs should be able to ride through a disturbance by providing sufficient reactive power (Q) reserve and injecting Q as rapidly as possible following a disturbance; otherwise, the extent of the voltage depression could spread, thereby deteriorating the stability of an electric grid. A DFIG, which is one of the most widely used variable-speed WTGs [5] - [8] , can provide voltage regulation by injecting a wide range of reactive power [9] , [10] .
Fault ride-through strategies for a DFIG were suggested in [11] - [15] to comply with grid connection requirements. Guo et al. [11] suggested a switch-type fault-current limiter as a hardware application for low-voltage ride-through. The scheme includes a fault-current-limiting inductor inserted in series with the stator winding upon the occurrence of a grid fault; thus, the controllability of the RSC can be guaranteed by limiting the overcurrent at the rotor winding of a DFIG and weakening the rotor back electromagnetic force. Zhou et al. [12] , [13] proposed demagnetization rotor current injection algorithms as software applications to secure the controllability of a DFIG by suppressing the transient rotor current during a fault. In [14] , passive and active compensators were proposed as hardware and software applications to ride through a fault. The passive compensator is based on a rotor-current-limiting resistor inserted in series with the rotor winding; thus, it reduces the rotor and stator currents at the instant of a fault occurrence and clearance while the RSC controller, as the active compensator, injects positive-, negative-, and zero-sequence components of the stator currents. On the other hand, Xie et al. [15] proposed an optimization algorithm for a virtual impedance control scheme to suppress the rotor current and torque oscillations to allow a DFIG to ride-through an overvoltage situation.
For ancillary services, voltage-regulating schemes of a DFIG-based WPP using hierarchical control structures were suggested in [16] - [24] . These consist of a WPP controller and a group of DFIG controllers. In [16] and [17] , to regulate the POI voltage at a desired level, the WPP controller dispatches the Q set point to the RSC controllers of the DFIGs in proportion to their Q capabilities; whereas in [18] , the WPP controller dispatches the reactive current (I Q ) set point to the RSC and GSC controllers of the DFIGs in proportion to their I Q capabilities. Thus, the schemes in [16] - [18] can regulate the POI voltage by utilizing the available Q capabilities of the DFIGs; however, these schemes are unable to promptly respond to voltage dips at the POI because the DFIGs need to receive reference signals from the WPP controller.
To achieve rapid response to voltage dips, voltage-regulating schemes employing a voltage control mode for the DFIG and WPP controllers were reported in [19] - [24] . In [19] , a static Q-to-voltage (Q-V) scheme was implemented in the DFIG controllers whereas the static Q-V scheme was applied in the WPP controller in [20] and [21] . The Q-V schemes in [19] - [21] are fixed, irrespective of the operating conditions of the DFIGs within a WPP. The schemes in [19] and [20] include the upper limit of the Q injection, which is defined at the rated active power of a DFIG and is set to 33% of the rated power; therefore, these schemes provide a limited contribution for voltage regulation at the POI. Conversely, in [21] , a typical Q-V scheme without a limit was used. However, the scheme in [21] contains a deadband in a WPP controller, which inevitably causes steady-state errors following voltage dips.
To utilize different available I Q or Q capabilities of the DFIGs within a WPP, an adaptive I Q − V scheme was suggested in [22] whereas adaptive Q-V schemes were suggested in [23] and [24] . These schemes in [22] - [24] can inject more Q from DFIGs within a WPP than the schemes in [19] - [21] , thereby enhancing the voltage-regulating capability of a WPP. However, the gain of these schemes varies only with the available I Q or Q capability depending on the active current or active power output. In addition, the widths of the linear band of the adaptive characteristics in all DFIG controllers are set to nearly the same and fixed value. Furthermore, in [19] - [23] , the voltage set point signals from the WPP controller are identical; thus, the contribution of the DFIGs in a WPP to voltage regulation at the POI depends only on their I Q or Q capabilities. On the other hand, the schemes in [19] - [23] may cause a temporary overvoltage at the POI and DFIG terminals because of the surplus Q injection after the fault clearance. To avoid this, in [24] , a washout filter was used in the WPP and DFIG controllers, thereby preventing the surplus Q injection after the fault clearance by removing the accumulated values in the proportional-integral (PI) controllers in both controllers. However, the overvoltage mitigation scheme in [24] is valid only for large disturbances, when the high-frequency components of the voltage at the POI or DFIG can be captured by the WPP/DFIG controllers. This paper proposes a flexible I Q − V scheme for the rapid voltage regulation of a DFIG-based WPP. The proposed scheme employs a hierarchical strategy that includes the WPP and DFIG controllers. The WPP controller dispatches different voltage set points, which are proportional to the rotor voltage margins of each DFIG. The DFIGs supply different Q to the POI using the flexible I Q − V schemes implemented in the RSC and GSC, which consist of the gain and width of a linear band and I Q capabilities. The I Q − V characteristic of a DFIG varies with time depending on its available I Q capability and the POI voltage dip. In addition, to increase the I Q capability during a voltage dip, the active current is reduced proportionally to a voltage dip. The proposed scheme allows a DFIG with a larger I Q capability and larger voltage set points to provide more Q. Furthermore, to avoid an overvoltage at the POI and DFIG terminals, a rapid I Q reduction scheme is employed in the WPP and DFIG controllers. Thus, the proposed scheme can enhance the voltage-regulating capability of a WPP by securing the extended Q capability of the WPP with the flexible I Q -V schemes. The performance of the proposed scheme was investigated under various voltage-dip scenarios using an EMTP-RV simulator. Fig. 1 shows the configuration of a DFIG, which includes a wind turbine, induction machine, and control system. The mechanical dynamics of the wind turbine shaft were modeled as a two-mass model described in [25] . In addition, the fifthorder model of the induction machine with voltage and flux equations in the dq synchronous reference frame was modeled in this paper.
II. DFIG MODEL
The control system of a DFIG consists of the RSC and GSC controllers. The RSC controller is used to control the Q injection at the stator and perform the MPPT operation. On the other hand, the GSC controller is used to control the Q injection at the terminal of the GSC and regulate the dc-link voltage at a desired value.
Furthermore, the control system can be centralized with an external controller to regulate electrical variables at the POI of a WPP; therefore, the control system is able to exchange control data with the external controller at a rate.
III. WAKE EFFECT IN A WPP
Within a WPP, WTGs generate electricity by extracting the kinetic energy from the wind, and the upstream WTGs impact the wind speeds at the downstream WTGs because of the shadowing effects among the neighboring WTGs. This is known as the wake effect, and this means that WTGs have different I Q capabilities because they produce different amounts of active power. To calculate the wind speed of each WTG, it is assumed that the wake flow is linear [26] , and the wake speed at a WTG is calculated based on the method in [27] . In this paper, the resultant wake speed of a WTG j , v j , is obtained by using
IV. PROPOSED FLEXIBLE VOLTAGE-REGULATING SCHEME OF A DFIG-BASED WPP
The proposed scheme aims to instantly support and recover the voltage at the POI and DFIG's terminal using flexible I Q − V schemes of a DFIG while avoiding an overvoltage. To achieve these objectives, the proposed scheme employs a VSF and OMF in the WPP and DFIG controllers. 
where e r Limit is the rated voltage of the RSC, and it is set to 1 p.u. in this paper. e i r is the induced rotor voltage at the rotor circuit of a DFIG, and it is obtained by [28] 
and
where τ is the reciprocal of the filter time constant, and it is set to 1 in this paper.
A voltage-rise detector (D W PP ) generates D W PP as a reset value. An integrator is set to a reset value if the reset control is larger than zero, which means that an integrator is reset to zero if the POI voltage exceeds its nominal value. Furthermore, D W PP is sent to the DFIG controllers as an urgent signal when set to zero. Fig. 4 shows the overview of the proposed DFIG controller. In the proposed scheme, the DFIG controller consists of the RSC controller, GSC controller, and IMS, as shown in Fig. 5 . The DFIG controller employs VSF and OMF in the IMS as in the WPP controller.
B. DFIG Controller
1) VSF of the IMS:
To coordinate the RSC and GSC for the I Q injection, the IMS determines the voltage set points and flexible I Q − V gains for the RSC and GSC controllers, which are used to set the I Q references in the controllers.
To determine the voltage set points for the RSC and GSC, the IMS calculates Δu 
Fig . 6 shows the I Q capabilities of the RSC, which are obtained from (6) . Thus, the RSC operating at a lower active current level can secure a higher I Q capability. Furthermore, the I Q capability of the RSC can be intentionally expanded by degrading the active current transfer of the RSC to inject more Q with the increased I Q capability for severe disturbances, whereas the schemes in [22] - [24] do not degrade active current. This action is linked to the I Q − V characteristics of the RSC and GSC in the proposed scheme.
As shown in Fig. 7 , the flexible I Q − V characteristic forms the gain and width of a linear band and its limits. The gain and I Q capability are determined by (9) and (6), respectively. A larger I Q capability allows a steeper slope, and the RSC with a larger I Q capability helps provide rapid voltage regulation.
Furthermore, by degrading the active current injection, the RSC is able to retain more I Q capability, which can also be injected. On the other hand, Δu i ref R is increased due to a larger voltage dip at the POI, which narrows the linear band of the I Q − V characteristics depending on the degree of the voltage dip; conversely, the width of the linear band of all DFIGs in [22] - [24] is nearly the same and fixed. Therefore, it helps the RSC to more sensitively react to a voltage dip at the POI than the schemes in [22] - [24] . The I Q − V characteristic of the GSC has the same feature as that of the RSC. Furthermore, both characteristics are managed by the IMS depending on the operating conditions of the RSC, GSC, and POI voltage.
2) OMF of the IMS:
To prevent an overvoltage at the POI and the terminal of the DFIGs caused by the surplus Q injection after the fault clearance, the IMS permits D W PP to realize the switching between Δu 
D DFIG helps reduce their I Q injection after the fault clearance by resetting Δu i error to zero, thereby helping the IMS avert an overvoltage at the POI and the terminals of the DFIGs.
3) RSC and GSC Controllers: In the proposed scheme, the RSC and GSC controllers are operated in a reactive current control mode and coordinated by the IMS. 
where k g is a function of the parameters, such as the gear ratio, blade length, or blade profile; and ω i r is the rotor angular speed of the ith DFIG. Fig. 8 shows the flowchart of the proposed IMS in the DFIG controller. The proposed IMS starts operation if the DFIG is operating in the voltage control mode; otherwise, it is deactivated.
V. SIMULATION RESULTS
To verify the performance of the proposed regulating scheme, simulations were performed under small and large disturbances assumed to be symmetrical using an EMTP-RV simulator based on the model system shown in Fig. 9 . The proposed scheme was compared to the schemes suggested in [18] and [24] . In this paper, the former is represented as scheme #1, and the latter is represented as scheme #2. Note that scheme #1 employs both the RSC and GSC as I Q injection sources, whereas scheme #2 employs the RSC only as a Q injection source.
In all schemes, the WPP controller sends a command signal at an interval of 0.1 s, except for urgent signals. Wind speeds at all DFIGs in the WPP are calculated using (1) and are marked in blue with corresponding slips in Fig. 9 . Table I shows the model system parameters.
A. Performance for the Reactive Load Connection/Disconnection
To regulate u POI for the temporary reactive load connection/disconnection into an electric grid, a WPP should rapidly inject or consume the required Q; thus, this section investigates the performance of the proposed scheme when a reactive load is disconnected immediately after its connection. Fig. 10 shows the results for case 1, wherein an 80-MVAr reactive load is connected at 7 s and disconnected at 8 s. After the reactive load connection at 7 s, the proposed scheme rapidly supports the POI voltage 0.1 s after the load connection by instantly injecting Q to the POI, as shown in Fig. 10(a) and (b) . In the proposed scheme, DFIG 1 , which is the closest DFIG to the POI, injects significantly larger Q than it does in schemes #1 and #2 because the wind speed of DFIG 1 is the smallest and, thus, the I Q capability and Δu Fig. 10(f) ]. Thus, the proposed scheme injects a large amount of Q, and the POI voltage is returned to the desired value faster than it is in schemes #1 and #2. While the load maintains its connection, the DFIGs in all schemes are overexcited [see Fig. 10(g) ]. Thus, in schemes #1 and #2, after the load is disconnected, a significant voltage rise caused by a surplus Q injection occurs at the POI and stator of each DFIG [see Fig. 10(a) and (g) ]. However, in the proposed scheme the WPP controller detects a sudden voltage rise and generates D W PP as an urgent signal, which is then sent to the DFIG controllers to reset the voltage set points of the DFIGs. Thus, the proposed scheme averts an overvoltage at the POI and stator of each DFIG.
1) Case 1: 80-MVAr Reactive Load Connection/Disconnection and SCR of 10:
The above-mentioned results indicate that the proposed scheme is able to provide the enhanced voltage regulation by rapidly injecting Q while preventing an overvoltage at the terminals of the DFIGs for a small disturbance.
B. Performance for a Grid Fault
In the previous case, the performance of the proposed scheme was investigated under a less severe disturbance. On the contrary, this section investigates the performance of the scheme for a grid fault. 1) Case 2: 0.6-p.u. Voltage Dip at the POI for 150 ms, SCR of 10, and a L of 0.8: Fig. 11 shows the results for case 2, where a fault occurs at 7 s and lasts for 150 ms. At the fault inception, the POI voltage is reduced to approximately 0.5 p.u. for all schemes. However, the proposed scheme shows the enhanced voltage profile compared to those of schemes #1 and #2 by providing rapid Q injection to the POI [see Fig. 11(a)  and (b) ]. This is because the DFIGs in the proposed scheme are able to provide the extended Q injection after a fault [see Fig. 11(c) and (d) ] by increasing the flexible I Q − V gains with the voltage dip and I Q capabilities of the DFIGs [see Fig. 11(e) ]. Note that the proposed scheme without using the GSC shows a better voltage-regulating capability than schemes #1 and #2 by rapidly injecting a larger amount of Q [see Fig. 11(a) and (b) ].
In the proposed scheme and scheme #2, Δu i ref is modified by the WPP controller at 7.1 s. However, there is not much effect on the performance of the two schemes because they are injecting nearly all the available Q due to the fast response. Conversely, in scheme #1 Q significantly increases at 7.1 s because the response of the DFIGs depends on the WPP controller.
Around the fault clearance, the DFIGs inject their available Q in the proposed scheme and scheme #1. After the fault clearance, because of the surplus Q injection, the voltages at the POI and DFIGs exceed the prefault states. Thus, in the proposed scheme, the DFIG and WPP controllers detect a sudden voltage rise at the stator of the DFIGs and POI. When the stator voltage is recovered, the detectors in the DFIG controllers generate D DFIG [see Fig. 11(h) ], and they reduce the Q injection of the DFIGs [see Fig. 11(c) and (d) ]. Furthermore, with time, the WPP controller generates D W PP to prevent an overvoltage at the POI. On the other hand, scheme #2 averts an overvoltage using washout filters in the WPP and DFIG controller by eliminating the accumulated values in the PI controllers, whereas an overvoltage occurs in scheme #1 because its performance depends on the WPP controller.
The above-mentioned results indicate that the proposed scheme is able to provide a rapid voltage-regulating capability using the flexible I Q − V characteristics while averting an overvoltage at the POI and the stator of the DFIGs by resetting the surplus Q injection of the DFIGs.
C. Performance for a Grid Fault With a Smaller SCR
The performance of a WPP voltage-regulating scheme partly depends on the grid stiffness; thus, this section investigates the performance of WPP voltage-regulating schemes in a weak grid with a smaller SCR of 4. Fig. 12 shows the results for case 3, which is identical to case 2 except for the smaller SCR of 4. u POI during the fault can be expressed by
If a WPP quickly injects its available Q during the fault, u POI can be maintained at a higher level; thus, the proposed scheme maintains u POI at a higher level than those of schemes #1 and #2 [see Fig. 12(a) ] by utilizing its extended I Q during the fault, as shown in Fig. 12(b)-(d) . This is because the proposed scheme enhances the I Q capabilities of the DFIGs and the I Q − V gains with a voltage dip, as shown in Fig. 12(e) .
After the fault clearances, u POI can be expressed by
After the fault clearance, u POI depends on Z G and i POI . For the grid with less SCR, an overvoltage is likely to occur after the fault clearance because of a large Z G . To avoid this, the WPP should reduce the i POI immediately after the fault clearance; thus, the proposed scheme uses the outputs of the detectors in the WPP and DFIG controllers [see Fig. 12(g)] , and therefore the proposed scheme stabilizes u POI and the stator voltage of the DFIGs to the nominal value without an overvoltage, as shown in Fig. 12(a) and (f) .
The above-mentioned results indicate that the proposed scheme rapidly supports a voltage deficit during a fault while avoiding an overvoltage after the fault clearance in a weak grid. 
VI. CONTROLLER HARDWARE-IN-THE-LOOP SIMULATION (CHILS) RESULTS
This section describes the controller hardware-in-the-loop simulation (CHILS) of the proposed hierarchical voltage control scheme for a grid fault. Fig. 13 shows the overall CHILS configuration, which includes the real-time digital simulator (RTDS) and two external computers (EC #1 and EC #2). The WPP controller, which is implemented in EC #1 using the C# language, communicates with the RTDS through transmission control protocol and internet protocol at a rate of 0.1 s. Three 2-MW DFIGs with the proposed control scheme and the power grid were modeled using RSCAD in EC #2, which communicates with the RTDS through Ethernet connection. Fig. 14 shows the CHILS results for case 3. As in case 3, the proposed scheme supports u POI at a higher level than schemes #1 and #2 during the fault [see Fig. 14(a) ] by providing more Q into the POI than schemes #1 and #2, as shown in Fig. 14(b)-(d) . This is because the proposed scheme extends I Q capabilities of the DFIGs with a voltage dip, thereby increasing I Q − V gains of the DFIGs [see Fig. 14(e) ].
After the fault clearance, the proposed scheme uses the outputs of the detectors in the WPP and DFIG controllers [see Fig. 14(g) ] and thus the proposed scheme recovers u POI and the stator voltage of the DFIGs without an overvoltage.
The results indicate that the proposed hierarchical voltage control scheme of a WPP shows the satisfactory results even in a CHILS environment.
VII. CONCLUSION
This paper proposed a flexible I Q − V scheme for the RSC and GSC in a DFIG to provide rapid voltage regulation of a WPP. In the proposed scheme, the WPP controller dispatched the different voltage set points to the DFIG controllers in proportion to the rotor voltage margin. The proposed I Q − V characteristic of a DFIG, which spatiotemporally depends on the I Q capability and the POI voltage dip, helped provide rapid voltage regulation by differentiating the reactive power injection of a DFIG within a WPP. Furthermore, to avoid an overvoltage at the POI and DFIGs, the voltage-rise detectors were employed in the WPP and DFIG controllers to reduce the surplus Q injection.
The simulation results indicated that the proposed scheme can provide rapid voltage regulation of a WPP for a reactive load variation and grid fault because the proposed scheme increased the I Q − V gain in proportion to the POI voltage dip for a reactive load variation. In addition, the scheme increased the I Q capability and I Q − V gains through degraded MPPT operation for a grid fault. Furthermore, the voltage-rise detectors successfully avoided an overvoltage after the fault clearance.
An advantage of the proposed scheme is that it can rapidly inject more reactive power than the conventional schemes by using the flexible I Q − V characteristics of a DFIG. In addition, an overvoltage at the POI and DFIG terminals can be avoided. Furthermore, the proposed scheme requires less Q compensating devices for the voltage regulation of a WPP, and it helps increase wind power penetration without jeopardizing the voltage stability.
